Introduction
Photonic crystals (PCs) and related photonic nanostructures have been studied since '80s. Now, their principles, design, fabrication and optical phenomena are well-known, and many applications are being studied. Until recently, however, the large-scale photonic integration, a final goal in this field, was far from reality. A crucial issue was the lack of decisive fabrication method, which ensures the high accuracy, uniformity, reproducibility and functions. This situation is changing now; we can exploit a powerful and attractive solution: Si CMOS (-compatible) process.
In these several years, Si photonics has grown rapidly and become a major field in optoelectronics. This trend promoted a welcome situation that basic researchers can fabricate advanced photonic circuits using the CMOS process through collaborations and/or foundry services with reasonably low cost. Now I believe that large-scale photonic integrations based on photonic nanostructures will become a reality with the CMOS process in the near future.
Regarding PCs, the airbridge slab is widely employed due to its strong optical confinement, while it was the bottleneck for fabrication using the CMOS process. For the airbridge slab, the thick silica layer below the Si slab has to be removed by chemical etching, which easily damages other components. Such formation is now available without damaging others, using multi-step masking and etching process, as shown in Fig. 1 . This presentation reports some examples of these devices and integration [1] [2] [3] [4] [5] . 
PC Waveguides with Fiber Couplers
The PC waveguide (PCW) exhibits the rapid increase in group index n g near the photonic band-edge. It cannot be used in many applications due to the large group velocity dispersion. Therefore, the structure is usually modified so as to show a flat-top n g spectrum (low-dispersion or LD slow light). An example structure is the lattice-shifted PCW (LS-PCW), in which the third rows of airholes are shifted along the waveguide. It typically shows n g = 30 − 80 in a bandwidth of less than 10 nm at λ ~ 1.55 μm.
In fabricating such PCWs using the CMOS process, SOI substrate with a top Si layer of 0.22 μm is often used. The PCW is buttjoined to the Si photonic wire waveguide (PWW), and the PWWs are terminated by inverse-taper fiber couplers. The tip width of the inverse taper formed in this study is 0.18 μm. The inverse taper is covered with the silica waveguide of 4 μm square cross-section. The fiber-to-fiber insertion loss through the PWW is 7 − 9 dB. When the PCW is inserted additionally, the total loss is typically ~10 dB. It is markedly lower than the case without the fiber coupler. It is still high for the practical use, but will be reduced to < 3 dB, if the tip width is reduced to < 0.1 μm by higher resolution lithography. In any case, the insertion loss is greatly reduced from > 30 dB without using such fiber couplers.
Delay Tuning with Slow Light
The tunable delay has been difficult but using mechanically movable mirrors with ms response. Therefore, it should be a killer application of slow light. The tunable delay allows the optical buffer, retiming and MUX/DMUX of optical pulses, and fast pump-probe/correlation measurements. The buffer for optical packet switching requires a long delay over 100 ns, which seems far beyond the present capability of slow light. For other applications, a 100 ps delay is already usable if they have a sufficiently high-speed response. We have reported such tunable delay and a tunable buffering capacity of 22 in a PC coupled waveguide, a sort of LD slow light structure. In that experiment, the laser heating was used. Recently we succeeded in integrating heaters using the CMOS process, and obtained the tuning range of 60 ps.
As an alternative, we also developed a slow light device consisting of all-pass microring array. Here, each of many microrings is coupled with the bus waveguide. The transmission spectrum of the bus waveguide with a single ring shows a delay peak at resonance. When the resonance is the same between rings, a long delay is obtained. When they have different resonance, the delay band is expanded while the delay is reduced. Thus the tunable delay is obtained. By controlling the resonance between 50 rings using the heaters, the delay was tuned from 4 -300 ps at λ ~ 1532 nm, as shown in Fig. 2 . The eye opening of 40 Gbps NRZ signals was also confirmed up to a delay of 150 ps. 
Nonlinear enhancement with slow light
Silicon photonics and slow light are promising for on-chip nonlinear devices. Due to the strong optical confinement into the small waveguide cross-section, the optical intensity in the PWW is 10 3 times higher than in silica fibers. Moreover, the intensity in the PCW is enhanced by the spatial compression of LD slow light pulses. In the LS-PCW, the transmission spectrum is separated into two regions by a dip corresponding to slow light with a large n g at the flat band. On the long wavelength side of this dip, a large n g of 59 occurs for a bandwidth of ~6 nm. When the pulse spectrum is on the short wavelength side of the dip, the response is first linear and then saturated by the simple two-photon absorption. When it is overlapping with the dip, the intensity is first weak but increases rapidly due to the spectral broadening caused by the self phase modulation (SPM). When it is located near the dip edge, both the first saturation and succeeded increase are most visible. When it is inside the LD band, only the clear saturation appears due to the SPM and the filtering effect at the dip. Such unique behaviors can be selected by tuning the spectral characteristics with heating, and will be applicable to an optical limiter and reshaping device of optical signals. The four-wave mixing (FWM) was also observed with the maximum conversion efficiency of −14 dB. Similar FWM can be observed in the Si PWW of centimeter order length. This suggests the strong nonlinear enhancement in the LD slow light waveguide.
PC Modulator
Amongst the several types of silicon optical modulators, based on MZI, microrings and EA, MZI modulators are considered versatile as they are capable of both amplitude and phase modulation, as well as having a large working spectrum. Although advances in silicon MZI modulators have reduced their device size to millimeter-order, further reduction in their size to sub-mm lengths is required for large-scale integration with other optical components. One way to achieve this is to incorporate slow-light structures, as their large group indices result in a larger sensitivity of phase-shift against the material index control. The increased phase-shifter efficiency can be exploited to reduce the device length, lower the operating voltage, or both. In terms of fabrication, it is also desirable to avoid rib-waveguide structures contained in most MZI modulators, as they require vertical partial-etching of the Si slab, which can be difficult to control and maintain uniformity across an entire wafer. PCWs are one such structures that satisfy both requirements. This study has achieved the first 10 Gbps modulation in a PCW-MZI silicon modulator.
The modulator incorporates a PCW phase-shifter of 200 μm length, and is fabricated through the CMOS processes, as shown in Fig. 5 . While most modulators operate under either forward-bias, in which speed is limited by carrier diffusion, or reverse-bias which require long device lengths, here we perform preliminary modulation experiments under 0 V bias. Therefore modulation occurs predominantly by carrier-injection. To characterize the modulator performance, we electrically drive the device with NRZ PRBS signals that is 2 31 − 1 bits in length. Furthermore, we pre-emphasize the drive signal to minimize the effect of slow carrier-diffusion. Even though we operate the device in the fast-light regime of the PCW, instead of exploiting the large n g in the slow-light regime, we still observe clearly-open eye patterns at bitrates of 10 Gbps using drive signals with pre-emphasis, respectively, as shown in Fig. 3 . 
